ABSTRACT: Osseointegrated transfemoral amputation prostheses have proven successful as an alternative method to the conventional socket-type prostheses. The method improves prosthetic use and thus increases the demands imposed on the boneimplant system. The hypothesis of the present study was that the loads applied to the bone-anchored implant system of amputees would result in locations of high stress and strain transfer to the bone tissue and thus contribute to complications such as unfavourable bone remodeling and/or elevated inflammatory response and/or compromised sealing function at the tissue-abutment interface. In the study, site-specific loading measurements were made on amputees and used as input data in finite element analyses to predict the stress and strain distribution in the bone tissue. Furthermore, a tissue sample retrieved from a patient undergoing implant revision was characterized in order to evaluate the long-term tissue response around the abutment. Within the limit of the evaluated bone properties in the present experiments, it is concluded that the loads applied to the implant system may compromise the sealing function between the bone and the abutment, contributing to resorption of the bone in direct contact with the abutment at the most distal end. This was supported by observations in the retrieved clinical sample of bone resorption and the formation of a soft tissue lining along the abutment interface. ß
Osseointegrated transfemoral amputation prostheses have been used since 1990 and provide an alternative treatment to the conventional method using socket-type prostheses. 1 The approach has proven successful, 2, 3 showing stable fixation at follow-ups several years after implantation. 4 It offers unrestricted range of motion of the hip joint, improved sensory feedback through osseoperception, 5 enhanced sitting comfort and reduced soft tissue problems for these patients compared with sockettype prostheses. 2, 6, 7 Enhanced quality of life and overall well-being are experienced by the patients, as well as improved prosthetic use. 8 Nevertheless, occasional observations of bone remodeling have been made around the implant system, resulting in bone resorption at the distal end. 4, 9 The adaptation process of bone was first introduced by Wolff 10 in 1892, who stated that every change in the function of a bone will alter the internal architecture and the external conformation of the bone. The mechanisms behind the adaptation process are not fully clarified and, over the years, it has been proposed that different mechanical quantities, for example, stress, strain and deformation energy, play a role in controlling this process. 11, 12 A theory of minimum effective strain has been supported experimentally and defines a range for which bone adaptation is active. 13, 14 Furthermore, the rate of strain change, 15, 16 the strain distribution change 17 and the number of strain cycles have also been shown to influence the bone response. 18, 19 The mechanobiological factors which contribute to the development and maintenance of osseointegration are not fully understood. Identifying the influence of specific factors on bone modeling and remodeling could enhance our understanding of the interfacial mechanisms. However, this has proven somewhat difficult, due largely to the biological variation and the inaccessibility of the implant site, stressing the need for systematic methodologies connecting the physiological condition with the biological responses. Wireless load cells have proven very effective as tools for the unconstrained measurement of loads involved in lower limb prosthetics. The iPecs TM load cell is a system that accurately measures three-dimensional forces and moments experienced by the prosthesis user. 20 Finite element analysis (FEA) is a well-established tool for the mechanical analysis of geometrically complex bone implant systems. 21 FEA is able to illustrate how the implant design and the amount and quality of bone influence the stress and strain distribution in the bone around implants, 22, 23 as well as the way local tissue strains as a result of the implant surface geometry affect the rate of osseointegration. 24 Furthermore, comparisons of the stresses in the bone adjacent to the implant have been analysed for different load scenarios during rehabilitation. 25 The aims of this study were to investigate the stress and strain distributions involved during the loading of 
JOURNAL OF ORTHOPAEDIC RESEARCH MAY 2017
transfemoral osseointegrated implants and to evaluate the tissue in the transcutaneous region of a patient undergoing implant revision. Combining the biomechanical analysis with histological observations was of particular interest in order to evaluate whether the biomechanical condition (stress and strain distributions) at the implant tissue interfaces, caused by loads applied to the system during walking, could result in bone resorption at the distal end of the implant and abutment.
MATERIALS AND METHODS

Load Measurements
A total of five patients (P1-P5) with a unilateral transfemoral amputation treated with osseointegrated implants participated in the study. The demographic details of each subject are summarised in Table 1 . At least 2 years had passed since they had the abutment installed and loading of the implant system was initiated and all participants were without pain at the time of the measurement. As part of the inclusion criteria, the amputation needed to be at a certain level in order for the iPecs TM (Intelligent Prosthetic Endo Component System; College Park Industries, Inc., Warren, MI) load cell to be attached between the prosthesis and the abutment without changing the overall length of the leg or the position of the knee. A certified prosthetist fitted the load cell to the prosthesis of each amputee without changing the original alignment. The load measurements were made in a clinical environment at a gait laboratory at Sahlgrenska University Hospital (Gothenburg, Sweden). An activity of their daily living, normal gait, was selected for the load analysis. The load measurements were made while walking at a self-selected speed for which the first and the last step of each measurement were excluded. The results were averaged (n ! 3) for each participant included in the study. Ethical approval was granted by the local Swedish Ethical Committee (EPN/Gothenburg Dnr 130-09).
Finite Element Model
The three-dimensional finite element model ( Fig. 1 ) was built in ANSA 14.1.0 (BETA CAE Systems S.A., Greece) and consisted of a total of five parts based on the clinical treatment protocol. In short, the treatment protocol consisted of surgery Stage 1; a threaded implant (fixture) is inserted in the femoral bone after reaming the intramedullary canal, using a three-dimensional centering guide and fluoroscopy for correct positioning. The fixture is countersunk by approximately 20 mm, after which the void is filled by autologous bone transplant (Fig. 2) . At surgery Stage 2, after 6 months of healing, a full skin thickness flap is trimmed of subcutaneous fat and sutured to the distal end of the femur. Further, the percutaneous abutment is installed into the fixture and fixed by the abutment screw (Fig. 2) and rehabilitation is initiated. The selected implant system (OPRA, Integrum AB, M€ olndal, Sweden) model, included the threaded fixture (length 80 mm and outer Ø 16 mm), the abutment (length 72 mm and outer Ø 11 mm) and the abutment screw and was kept constant in all models. The bone was divided in two regions, the cortical bone (cylindrical with a fixed outer Ø 25 mm) and the transplanted bone surrounding the abutment. Four different models, M1-M4, were created for which the latter three had the same bone dimensions as a result of the surgical protocol described above with varied transplanted bone stiffness. The M1 model had the same stiffness as M2 and a transplanted bone thickness two times that of M2-M4 with a reduced compact bone thickness in order to keep the outer diameter (Table 2 ).
Mesh
The finite element models were meshed using ANSA automeshing techniques with mesh refinements at the boneimplant interface at the distal end of the implant and in the bone surrounding the abutment. The M1 model consisted of 46,608 hexahedron and 2,376 pentahedron 2nd-order elements with a total of 217,704 nodes, while the other models, M2-M4, were meshed using 46,152 hexahedron and 2,520 pentahedron 2nd-order elements, each with a total of 216,762 nodes. In addition, 4,176 shell elements were assigned to the interface between the fixture and the compact bone in the areas with a refined mesh in ANSYS 15.0 (ANSYS Inc., Canonsburg, PA).
Material Properties
The fixture, abutment and femur were assumed to be linearly elastic homogeneous solids. The cortical bone of the femur was assumed to be transversely isotropic with an elastic modulus of 16.7 GPa and 11.5 GPa, in the longitudinal and transverse direction respectively. [26] [27] [28] The transplanted autologous bone was assumed to be isotropic, with an elastic modulus of 0.4, 0.8, or 4 GPa, [29] [30] [31] [32] which was systematically varied in the different models. The fixture, the abutment and the abutment screw were assumed to be isotropic, with an elastic modulus of 110 GPa. The mechanical properties of the different materials are summarised in Table 2 . A Poisson's ratio of 0.3 and 0.35 was assumed for the bone and the Ti, respectively.
Contact Situations and Boundary Conditions
The abutment was considered to be in direct contact with the bone tissue, where the transplanted bone-abutment interface allowed for relative motion in all directions as a result of loading but limited only to compressive loads. The interfaces between the transplanted bone, cortical bone, and fixture were all modeled as bonded. The interface between the abutment and the abutment screw was modeled as bonded, while the interface to the fixture was assumed frictional. The model was fixed 16 mm from the proximal end of the implant. Friction coefficients were assumed to be 0.2 between the transplanted bone and the abutment 33 and 0.35 between the abutment and the implant. 34 
Model Loading and Analysis
The site-specific tri-axial forces and moments measured with the load transducer were used to characterize the maximum loads exerted on the bone-implant interface during straight walking. The maximum resulting moment, M MAX , of the medio-lateral (ML) and anterior-posterior (AP) direction was determined at the distal end of the implant, 133 mm from the load cell centre (L LC ). The resulting moment, M LC , of the medio-lateral and anterior-posterior directions, at the load cell centre was calculated according to Equation (1) . The moments, M MAX and M LC , were assumed to be equally directed and were used to derive the equivalent force, F EQ , according to Equation (2) . The loads, M LC , F EQ and the maximum longitudinal force F L (proximo-distal direction) were applied in the same plane, at the site of the load cell, during analysis. The FEA input data was selected based on the patient with the largest M MAX using the maximum of both F L and M LC and then calculate F EQ from M LC , M MAX , and L LC . Finite element analysis was used (ANSYS 15.0) to predict stresses and strains in the bone adjacent to the implant and abutment when subjected to the site-specific load conditions described above.
Tissue Retrieval From Patients A tissue biopsy (denoted R1) was obtained from one patient (Table 1 ) during revision surgery. The transplanted bone area was drilled out using a trephine burr under saline irrigation. The tissues were fixed in formalin and dehydrated in a graded series of ethanol prior to analysis. Ethical approval was received from the local Swedish Ethical Committee (EPN/Gothenburg Dnr. 434-09).
X-Ray Micro-Computed Tomography (mCT)
The specimen, R1, was analysed by mCT (SkyScan 1172, Bruker microCT, Kontich, Belgium), operating at 72 kV with a pixel size of 26.40 mm, Al þ Cu filter, step size 0.7 degree/s through 180˚rotation. Reconstruction, rendering and analysis were performed using the Skyscan software package (NRecon 1.6.8.4, CTvox 2.5.0 r892, CTan 1.13.4.0, and CTvol 2.2.3.0). Furthermore, the reconstructed volumes were analysed with regard to bone volume, trabecular thickness and trabecular separation and the mean distance between the bone surface and the abutment was determined along the interface.
Histology and Histomorphometry
The retrieved cylinder-shaped specimen of skin, soft tissues and bone around the abutment was processed for histology BONE-ANCHORED AMPUTATION PROSTHESES according to a previously described protocol. 35 The fixed and dehydrated tissue was embedded in acrylic resin (LR white) (London Resin Company Ltd, Berkshire, UK), cut longitudinally by a diamond-coated band saw, ground to central ground sections with a thickness of 10-20 mm and stained with 1% toluidine blue. Histomorphometric measurements were made of the relative area of mineralized bone within the trabecular bone region (left and right side of the removed abutment), the thickness of the soft tissue (average of 10 equidistant points) between the bone and the (removed) abutment and the length and thickness of the epithelial down-growth using light microscopy (Eclipse E 600, Nikon, Japan) and image analysis (NIS Elements 4.12, Nikon, Japan). Further, a qualitative evaluation was made, including the characterization of the different tissues and cells present, the amount of vascularization, bone remodeling, bleeding and signs of inflammation.
RESULTS
Load Cell Measurements
The results of the load measurements on amputees during straight walking are summarised in Table 3 . The average maximum moment in flexion, M MAX , at the distal end of the implant varied between 24.5 Nm and 52.3 Nm. The resulting moment in flexion at the load cell centre, M LC , and the longitudinal force, F L , was identified at the time at which M MAX occurred for all subjects (P1-P5).
Finite Element Analyses
All the reported displacements, strains and stresses are summarised in Table 4 . The applied loads resulted in bending of both the implant and the abutment, with a total displacement of the abutment of between 1.03 and 1.09 mm at the distal part of the transplanted bone, increasing with decreasing overall stiffness, M4-M1. The same response was observed for the gap to the transplanted bone created on the opposite side of the abutment ranging from 0.06-0.14 mm. The general stress and strain distribution in the cortical bone was similar for all the analysed models, with increasing stresses and strains transferred more distally with increasing overall stiffness, M1-M4. The maximum stress levels in the cortical bone were 19-28 MPa axially and 13-23 MPa tangentially, with principal stress levels between 0 and 32 MPa in both tension and compression for all models. The equivalent strain in the cortical bone in the most distal region ranged between 0.002 and 0.005 (Fig. 3) . At the interface between the distal end of the implant and the cortical bone, maximum normal stress ranged between 1.8 and 11.1 MPa and 9.6 and 12.5 MPa in tension and compression, respectively for all models. Maximum shear stress levels of 2.8-4.0 MPa in the 3rd thread and 4.5-6.4 MPa in the 7th thread going in the proximal direction were estimated, with higher stress levels for increasing overall stiffness (Fig. 3) . In contrast, the equivalent strain in the distal transplanted bone region facing the abutment ranged between 0.018 and 0.06 (Fig. 3) , increasing for larger deformations as the stiffness decreased. The maximum tangential stress levels in the transplanted bone were 3.9-21.0 MPa and 3.3-6.3 MPa in tension and compression respectively, with maximum principal stress levels of 22-77 MPa in compression (Fig. 3) , with stress levels increasing with the overall stiffness, M1-M4.
mCT
The mCT analysis showed that the total height of the bone transplant was roughly 20 mm, confined by a circular outer border from the trephining and a hollow centre, the position where the abutment had been (Fig. 4) . A noticeable densification in the region facing the abutment was observed, with more porous bone going radially outwards. The highest bone porosity was observed between the proximal and distal ends. This was subsequently confirmed by quantitative analysis of 1 mm thick sections that showed bone volume fractions of between 20-35%. The highest values observed correspond to the distal and proximal ends, while the central region, between 3-11 mm from the distal end, showed bone volume fractions of around 20%. The observed soft tissue between the bone and the abutment varied in thickness along the interface (Fig. 5) , with a mean value of 0.94 mm (std. 0.2 mm). The mean trabecular thickness was 0.28 mm (std. 0.03 mm), with a mean trabecular separation of 0.54 mm (std. 0.03 mm).
Histology and Histomorphometry
Histological observations of the cylinder-shaped, retrieved tissue specimen showed trabecular bone which often presented with a compact bone layer towards the soft tissue and abutment (Fig. 6) . In some areas, the trabeculae were fractured, in particular at the margin of the trephine cut. On one side, the fractures of slender trabeculae were more prominent and occurred closer to the abutment. The bone marrow was mainly adipose bone marrow without the presence of inflammatory and immune cells. In general, the presence of areas of active bone formation and bone resorption was fairly low. There were certain areas on the surface of the bone towards the soft tissue and the abutment that revealed bone resorption, although few osteoclasts were observed (Fig. 6) . The bone was separated from the abutment by a dense fibrous tissue/capsule consisting of collagen running parallel to the length of the abutment. The tissue was well vascularized, without signs of congestion. In general, the fibrous capsule revealed a mild inflammatory response, an absence of perivascular infiltrates and only scattered mononuclear cells, predominantly monocytes, and small lymphocytes. Occasional plasma cells and a few PMN were found. The tissue appeared to be well adapted to the (removed) abutment, consisting mainly of dense collagenous areas with long, slender fibroblasts and macrophages. The distal portion of the tissue specimen was characterized by a well-keratinised epidermis that was largely devoid of inflammatory cells. A slight down- Negative values: compression, positive values: tension in normal, principal, and axial stress.
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growth of the epidermis was observed along the fibrous capsule, but it ended distally to the level of the bone. Beneath the epidermis and dermis, the most distal portion of the soft tissue facing the abutment, extending from the dermis and proximally, consisted of a granulation tissue, characterized by numerous blood vessels and inflammatory cell infiltrates. The inflammatory infiltrates mainly contained monocytes, 
DISCUSSION
In the present study, site-specific load measurements were made on amputees treated with a percutaneous implant system and used as input in finite element analyses to predict the stress and strain distribution in the bone tissue. Furthermore, a tissue sample retrieved from a patient undergoing implant revision was characterized in order to evaluate the long-term tissue response around the abutment. It was hypothesised that the loads applied to the bone-anchored implant system of amputees would result in locations of high stress and strain transfer to the bone tissue and thus contribute to complications, such as induced unfavourable bone remodeling and/or an elevated inflammatory response and/or compromised sealing function at the tissue-abutment interface.
The magnitudes of the site-specific load varied between the different patients evaluated in this study, most probably due to their individual anatomy, mass, amputation height, and walking pattern. The load magnitudes and variability agree well with previously published data on the loads applied to the femur 36 or to the implant system during straight-line level walking. 20, [37] [38] [39] It has further been shown that the walking pattern, pelvic tilt and hip extension change towards normal gait, as compared to gait using a socket prosthesis, when evaluating the same patients preoperatively and at a 2-year follow-up after treatment with an osseointegrated amputation prosthesis. 40 The patients included for the load measurements in the present study had used their prosthesis during 2-20 years and it could be assumed that they, firstly, have a different experience of using their prosthesis, secondly, used their prosthesis for different amounts of time daily and, thirdly, dare to use the maximum load capacity. The rationale for using the maximum measured loads for the FEA was to evaluate a worst-case scenario encountered in everyday life activity. More than a century of research has shown that the mechanical properties of bone vary over a relatively wide range and are dependent on several factors, making it very difficult to define generalized, accurate model properties. The range can be narrowed by selecting specific bone type, region and length scale. In spite of this, the techniques and methods available to determine these properties reflect different aspects of the bone which can be difficult to understand fully. 41 Regardless of the material properties assigned to the transplanted bone in this study, similar general stress, and strain distributions were observed along the implant. 
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In the cortical bone, tensional and compressive interface stresses in the range of 1.8-11.1 MPa and 9.6-12.5 MPa, respectively, are transduced to the implant-compact bone interface due to bending of the fixture, resulting in maximum shear stress levels of 5.4-6.4 MPa for the different models. These levels may cause the separation of the interface [42] [43] [44] in specific areas around the implant, creating a possible situation with micro-motion. This has to be confirmed by histology of intact, retrieved implants. Previous publications on retrieved fatigue fractured amputation prostheses after more than 11 years in vivo have reported a large amount of bone tissue around and in direct contact with the implant 45, 46 but lacking at the distal end of the implant. The amount of bone-implant contact at the time of implant installation depends on the amputation level. Implants placed at the middiaphyseal level normally show high bone-implant contact while other amputation levels and defects from trauma result in a less perfect fit. In this study the ideal model situation, mid-diaphyseal implant placement was selected. Increasing the elastic modulus of the transplanted bone in the model, that is, stiffer total bone support, caused reduced displacement of both the abutment and the fixture, resulting in higher stress levels being transferred distally. The stress levels observed in the cortical bone for all models were well below the ultimate strength limit of bone reported in the literature. 26 The cortical bone in close contact with the transplanted bone at the distal end was compressed between 0.2-0.5%, which corresponds to 3,000-5,000 m-strains, depending on the stiffness of the transplanted bone. The predicted strain levels in this study were somewhat higher than the physiological ones but below the proposed yield and ultimate levels of cortical bone. 26 The observed stress and strain levels in combination with large cycle numbers may increase the risk of bone resorption which could increase the risk for fatigue failure of the implant. 47 However, based on previously reported dynamic strain-driven remodeling, 11, 13, 48 these levels are highly unlikely to induce bone resorption but probably lead to adaptation by new bone formation. This is in agreement with a radiographic follow-up of a patient cohort, where no bone resorption was observed in the zones distal to the implant, as well as no cortical thinning in this zone in the majority of cases. 4 Further, this distal zone has not been considered in previous modeling of the implant system, where no countersinking of the implant was present 9,49-51 which is likely to change the overall distribution of loads significantly, as the lever arm is lengthened, thereby altering the moment in flexion. The clinically retrieved sample in the current study showed a preserved bone height at distal level after 15 years in vivo. At distal bone transplant level, some elliptical deformation of the cylindrically assumed bone was observed in all models due to loading. The deformation became smaller as the stiffness of the bone increased, while the observed tangential stresses in tension in both bone types became higher, increasing from 3.9 to 21.0 MPa in the transplanted bone. However, caution should be taken, as the stresses were elevated as a result of the simplified model geometry. The physiological femur has a more complex shaped cross-section, reasonably adapted to the load situation of a non-amputee for advantageous stimuli and maintenance of bone. 48 The transplanted bone in the most distal region in contact with the abutment was compressed between 1.8-6.0%, with smaller deformation for higher stiffness. The maximum principal stress levels in compression in the same location showed the opposite tendency, with increasing levels, 22-77 MPa. These stress levels can be regarded as too high for normal cancellous bone structures, 27, 52 for which mechanical properties can be related to bone density 52 and would result in yield in the material. For cancellous bones with higher relative densities, this increase in the elastic modulus would still respond elastically if subjected to these stress levels. 52 The principal stresses in tension appear to be very low at the abutment interface due to the defined boundary constraint, limited only to compression. This constraint is most likely clinically realistic where the abutment could be exchanged, with no osseointegration at this level as a result. The transplanted bone was assumed to be fairly dense after the healing and rehabilitation period, with mechanical properties somewhere between a cancellous and a cortical bone. Based on the observations made from the retrieved sample from the patient analysed by mCT, it was clear that the bone was undergoing remodeling and adapting to the current situation. However, this sample does not reflect the bone condition at the initial time point simulated with FEM but in fact several years later. The bone tissue closest to the abutment had undergone remodeling with a densification of the bone at the inner periphery.
The results of the present study thus indicate that the load may cause the bone to resorb and remodel at the abutment interface in some patients, which with time would result in an outcome similar to the one observed in the retrieved sample. Nevertheless, other contributory factors, such as inflammation and/or infection, cannot be ruled out, as they have been corroborated by clinical observations of soft-tissue infections in the presented study subject (R1). Tissue injury starts a series of orchestrated events, including the release of pro-inflammatory mediators. Bone healing may happen if inflammation resolves early, but if inflammation persists and becomes chronic (e.g., in the presence of an infected implant), suboptimal bone formation may develop. 53 A better understanding of the temporal sequence of events in relation to soft tissue inflammation and presence of bacteria at the skin-abutment interface may shed light on this critical issue and improve the regenerative outcome. The histological observations from the most distal portion beneath the epidermis indicated an on-going host defence reaction that could, at least in part, be explained by the presence of inflammatory stimuli, including bacteria, at the skin penetration site. Interestingly, and in sharp contrast to the appearance of the sub-dermal soft tissue, the vast majority of the fibrous capsule appeared without the presence of inflammation. Instead, the fibrous capsule consisted mainly of a dense collagenous tissue, with the fibres oriented in parallel to the abutment and only containing scattered inflammatory cells. Although histological results from a single patient should be carefully evaluated, the specimen represents the first available morphological source of information from the abutment-tissue interface in this cohort of patients. Additional specimens, if available, should therefore be analysed in the future. A comparison of the soft-tissue morphology with observations in the vicinity of other bone-anchored, percutaneous implants (e.g., boneanchored hearing aids) will be particularly important. Future studies should focus on more complex models, mimicking the physiological geometry, and incorporating the anisotropic mechanical properties of bone. Patient-specific models with estimated bone mineral density can be built using mCT reconstructions and available advanced software, for example. Detailed human studies of the microbiology and the tissue response of transcutaneous implants need to be addressed.
CONCLUSIONS
The applied load from walking will cause the abutment of the implant system to bend after which a separation from the tissue is created.
The estimated equivalent elastic strains and compressive principal stresses in the bone in direct contact with the abutment at the most distal location may indicate that unfavourable bone remodeling, that is, a net-decrease in bone density with time, would result in this region for all the different bone properties evaluated in this study.
The estimated equivalent elastic strain levels in the cortical bone point towards an on-going adaptation process with positive bone remodeling.
